We report on craters formed by individual 3 MeV=u Au q ini þ ions of selected incident charge states q ini penetrating thin layers of poly(methyl methacrylate). Holes and raised regions are formed around the region of the impact, with sizes that depend strongly and differently on q ini . Variation of q ini , of the film thickness and of the angle of incidence allows us to extract information about the depth of origin contributing to different crater features. DOI: 10.1103/PhysRevLett.101.167601 PACS numbers: 79.20.Rf, 61.80.Jh, 61.82.Pv, 81.16.Rf Energetic atomic [1-3], molecular or cluster ions [4] impacting solids may leave tiny holes at the surface often surrounded by a raised region of displaced material. The observed surface morphology [1] [2] [3] [4] is similar to what is found in ablation craters produced by an intense laser pulse [5, 6] , in macroscopic craters produced by meteorite impacts on planets [7] , or by balls dropped into granular media [8] , although their spatial scales may differ by about 17 orders of magnitude. Depending on the energy regime of the ions and the type of material being bombarded, the shape of the impact features and the underlying mechanisms of formation may differ [9, 10] . As the energy deposited by swift ions of equal kinetic energy, but different charge-states may vary substantially close to the surface, a detailed knowledge of charge-state dependent effects is of great importance for ion-beam based techniques of materials structuring (such as ion-track etching), particularly considering the new demands for smaller pattern sizes and the use of thinner layers [11] . Our results give direct evidence for a strong dependence of the surface modifications introduced by single fast ions on their charge state. For track-etching procedures, this means it is possible to control the etching sensitivity at the surface and charge equilibration below the surface should yield different etched shapes, dependent on the incident charge state. Moreover, by employing a series of well-defined nonequilibrium charge states, we could derive depth information on the near-surface effects induced by single fast ion impacts.
Energetic atomic [1] [2] [3] , molecular or cluster ions [4] impacting solids may leave tiny holes at the surface often surrounded by a raised region of displaced material. The observed surface morphology [1] [2] [3] [4] is similar to what is found in ablation craters produced by an intense laser pulse [5, 6] , in macroscopic craters produced by meteorite impacts on planets [7] , or by balls dropped into granular media [8] , although their spatial scales may differ by about 17 orders of magnitude. Depending on the energy regime of the ions and the type of material being bombarded, the shape of the impact features and the underlying mechanisms of formation may differ [9, 10] . As the energy deposited by swift ions of equal kinetic energy, but different charge-states may vary substantially close to the surface, a detailed knowledge of charge-state dependent effects is of great importance for ion-beam based techniques of materials structuring (such as ion-track etching), particularly considering the new demands for smaller pattern sizes and the use of thinner layers [11] . Our results give direct evidence for a strong dependence of the surface modifications introduced by single fast ions on their charge state. For track-etching procedures, this means it is possible to control the etching sensitivity at the surface and charge equilibration below the surface should yield different etched shapes, dependent on the incident charge state. Moreover, by employing a series of well-defined nonequilibrium charge states, we could derive depth information on the near-surface effects induced by single fast ion impacts.
In this Letter, we focus on cratering induced by high velocity ions. At specific kinetic energies of a few MeV per nucleon, such ions transfer more than 99% of their energy to the target-electron system. A considerable fraction of the energy deposited in the track of a swift heavy ion is concentrated in a core region ( % 1 nm), where ionizations are directly produced by the ions. Fast secondary electrons spread the rest of the energy over larger distances. The exact size of such regions depend on the material and on the velocity of the ions, while the total amount of energy loss per path length, S e ¼ dE e =dx, is well understood [12] . The subsequent electron dynamics, however, is a nonlinear phenomenon and it may result in large sputter yields and cratering, due to the coupling of electronic and atomic degrees of freedom [13] [14] [15] . For reviews on ion-induced electronic cratering processes or surface tracks the reader is referred to [16, 17] .
The common way to vary the deposited energy inside the ion tracks is to change the speed or the atomic number Z of the ions. This was employed in several cratering studies [17, 18] . Using projectiles with the same Z and velocity but with selected initial charge states q ini is, however, a cleaner method to investigate the role of the deposited energy density close to the surface, since the excitation volume and the type of ion are fixed and the deposited energy can be tuned by the selection of the initial charge [12] . Indeed, the ion charge state changes from its initial value q ini to a mean value q mean ðlÞ as a function of the path length l inside the solid. The charge-state equilibrium for such fast ions is determined by the balance between electron capture and electron loss rates, during penetration in the bulk (decay processes are not so important) [19] . For thin films, the condition q mean ðlÞ % q ini can be achieved throughout the entire layer. Thus, we have used thin layers of a polymer and 593 MeV Au ions to meet this condition. As a reference, we have also used thicker foils and tilted incidence, for which the effects are dominated by the equilibrium charge-state q eq .
The heavy-ion cyclotron at the Hahn-Meitner Institute was used to produce a 3 MeV=u 197 Au 30þ (593 MeV) ion beam. Using optimized post-cyclotron carbon-stripper foils, different charge states were produced and selected magnetically. The experimental mean equilibrium charge state for this case is q eq ¼ 46:3 AE 0:1 and the equivalent half equilibration-depth in poly(methyl methacrylate) (PMMA) is l eq % 100 nm (300 nm for 90% equilibration). S e was calculated for each investigated charge state, using the CASP 3.2 program [20] , resulting approximately in S e / q 1:67
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Thin films of PMMA spin-coated from anisol solutions in two different thickness ranges (9-11 nm and 100-110 nm) onto a Si substrate were bombarded with 3 MeV=u Au q ini þ beams (q ini ¼ 30, 35, 40, 45, and 51). Two distinct angles of incidence (0 and 79 to the surface normal) were employed. The size and shape of the surface tracks were characterized offline with a Nanoscope IIIa (Digital) scanning force microscope (SFM) in the intermittent contact mode at a scan frequency of 1-2 Hz and 256-512 scan lines per image. Only images collected with high quality Si tips were stored and used for quantitative evaluation of the data. Special care was taken of using the same tip (or at least tips of similar quality) to image a set of samples covering the complete range of charge states (for details see [16] ).
Typical images of impact features at normal and grazing incidence are shown in Figs. 1 and 2 , respectively. The bombardments of the 10 nm layers at normal incidence are most appropriate to evaluate the dependence of the impact features on q ini , because the charge state does not vary significantly inside a film of thickness t with t ( l eq . Figures 1(a)-1(e) show a series of SFM images of PMMA films bombarded under such conditions. Craters are observed even at the lowest charge state on the 10 nm layers with 100% efficiency (one hole per incident ion). Ridges (raised regions), clearly distinguishable from the natural roughness of the films, are only observed at the highest charge states. In contrast, for the thick films [Figs. 1(f)-1(j)] ridges are seen with high efficiency for all q. Figure 2 shows in addition elongated craters due to the inclined incidence and pronounced tail structures extending along the direction of ion penetration. Figure 3 depicts quantitative data on the averaged sizes of crater depressions (holes) and ridges (all elevated surfaces, consisting of raised rims plus tails) as a function of q ini , thickness t and angle of incidence ini . Each data point is a mean value over about 100 impact features. The bars in 
FIG. 2 (color)
. SFM images of PMMA thin films bombarded at grazing angles ( ini ¼ 79 ) with 3 MeV=u Au q ini þ of different charge states. Images (a) to (c) are obtained for 10 nm thick films, and images (d) to (f) for 105 nm layers. The capital letters indicate different crater constituents. C stands for the central crater hole, R is the surrounding rim and T is the asymmetric tail (for tilted incidence, all structures are elongated). The ridge volume is the sum of all protrusions (positive volume fractions R þ T). Contrary to the rims, the tails are absent on the thin layers, indicating the importance of deep layers above the Si substrate.
this reference plane V rough is %16 nm 3 , with a dispersion rough % 16 nm 3 , as indicated by the dashed line in Fig. 3  (a) . At normal incidence, the net volume of the raised regions for low charge states is very close to the volume due to pure roughness. In the following, we discuss the normal-incidence results first, before we consider the tilted geometry.
As can be seen from Fig. 3(a) , for the thin layers we find a strong increase of the ridge volume with increasing q ini . In particular, V ridge / q
5:5AE1:0 ini
, what gives roughly a cubic dependence of the ridge volume on the deposited energy density in the central track. For the 105 nm layers, the charge state changes towards equilibrium inside the film and the dependence on q ini is expected to be smeared out. In fact, a weaker ( / q 3 ini ) dependence of the ridge volume is observed for the thick films. Because of the finite size of the SFM tip, which affects mainly the smaller protrusions at low q and may prevent complete access to the deeper holes at high q, all plotted scalings may be slightly steeper, but certainly not weaker than the values given above.
In addition, we can estimate the depth of the excited region contributing to the ridge formation (the depth of origin) from the ratio of the ridge volumes for the two films' thicknesses at normal incidence in Fig. 3(a) , considering only the selected (equilibrium) projectile charge q ini ¼ 45 (no charge-equilibration effect). This ratio (%6) leads to a depth of origin of about 50 nm, as has been estimated assuming an exponential attenuation of the excitation energy with depth. This relatively large value is also supported by the weaker charge-state dependence found for ridges on the thicker films.
The behavior of the crater depressions is distinctively different from the ridges. No major differences were found between the thin and the thick layers, both for the hole depth and for the length. The hole diameter (C l ) and thus the crater area shows only a very weak variation with q ini , whereas the depth behaves as C z / q 1:8AE0:3 . Thus, the charge-state variation of the hole volume is much weaker ( / q 3 ini ) than for the ridge volume. The absence of a thickness effect (within the error bars) for the hole dimensions (C l and C z ) shows that hole formation is dominated by near-surface events, occurring at distances smaller than 10 nm below the surface.
At a grazing incidence, we observe nearly no influence of q ini on cratering [see Fig. 3(b) ]. In principle, a close surface proximity of regions excited under charge-state equilibrium conditions could be responsible for this effect. Nevertheless, at distances smaller than 10 nm below the surface (where the hole formation should occur), the ion path length would be smaller than 50 nm, which is below the charge-equilibration distance (l eq % 100 nm). Thus, the charge-equilibration process cannot totally explain the weak q ini dependence found for the grazing incidence.
Theoretically, it is clear that track effects are triggered by electronic excitation and ionization, which relax rapidly into atomic motion. Intense pressure, sound or shock waves [22] may lead to a collective and correlated motion and possible rearrangement of all atoms close to the track. In addition, thermal-spike effects invoked by nonequilibrium potentials or by hot electrons [23, 24] or the late phase of the Coulomb-explosion spike [23, 25] (a mutual repulsion of target ions) may lead to a disordered atomic motion. Depending on the electronic heat and electron density, the plasma dynamics [6] or a gas flow out of the ion track at high atomic temperatures (as discussed also for macroscopic volcano eruptions [26] ) may also be important. One may speculate that the inner part of the crater is shaped by short-ranged effects such as melting and evaporation in the thermal spike, whereas the ridge might be related to interactions of longer range such as a pressure pulse [22] . However, an influence of long range stress fields after rapid cooling of molten tracks (the so-called ion-hammering effect) cannot be excluded, as shown qualitatively for hillock formation in vitreous silica [24] .
In the short-time models for atom dynamics, it is mainly the energy density close to the surface, which controls particle ejection and cratering. On purpose, however, we avoid using our experimental charge-state scalings as a test of the reliability of specific models, because different versions of the same type of model predict different scalings and different types of models (e.g. thermal or hydrodynamical) may predict the same scaling [22, 27, 28] . A quantitative modeling of the complex process of crater formation by fast atomic projectiles is far from being accomplished. Molecular dynamic simulations [29] are the most promising approach to check an adopted model for the electronic energy-transfer channel, as they include all atomic degrees of freedom. Thus, they show, e.g., the importance of atomic heat transport and of melting in the track, and of pressure waves extending further outside [29] ; even though, quantitative results are far from being satisfactory. We finally note similar charge-state effects have been recently observed for slow highly-charged ions [9] on inorganic crystals (only raised regions were seen in this case). For slow ions, energy is transferred mainly via the potential energy of the ions; for fast ions, kinetic transfer dominates. This might be an indication that the subsequent processes of energy transport and dissipation after a single ion impact, which eventually lead to the topological changes, have little memory of the way energy is initially delivered at the surface.
In summary, we found direct evidence for a strong dependence of the surface modifications introduced by single fast ions on the projectile charge state. Craters and ridges formed in PMMA, though clearly interwoven structures, depend very differently on q ini (and hence on the energy deposited near the surface). Comparison of the different experimental data sets indicates also that the excitation depth contributing to the ridge formation ($50 nm) is much larger than the one involved in the hole formation (<10 nm below the surface). Our findings imply that patterning produced directly by single fast ions and pore shaping by a subsequent etching step may be improved, by properly tuning the initial charge state of the projectiles. It is also proven that the use of tabulated equilibrium energy losses, the common practice in the field, is not adequate for describing surface modifications. The present work calls for further detailed measurements of the topological changes induced by single ion impacts on surfaces as a function of the layer thickness and type of substrate, on a way to a more profound understanding of ion-track processes at surfaces.
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